We present the high resolution infrared detection of fifteen highly vibrationally excited nν 1 + mν 3 combination bands (n ≤ 7 and m ≤ 3) of C 3 produced in a supersonically expanding propyne plasma, of which fourteen are reported for the first time. The fully resolved spectrum, around 3 µm, is recorded using continuous wave cavity ring-down spectroscopy. A detailed analysis of the resulting spectra is provided by ro-vibrational calculations based on an accurate local ab initio potential energy surface for C 3 (X 1 Σ + g ). The experimental results not only offer a significant extension of the available data set, extending the observed number of quanta v 1 to 7 and v 3 to 3, but also a vital test to the fundamental understanding of this benchmark molecule. The present variational calculations give remarkable agreement compared to experimental values with typical accuracies of ∼0.01% for the vibrational frequencies and ∼0.001% for the rotational parameters, even for high energy levels around 10 000 cm −1 . Published by AIP Publishing. https://doi
I. INTRODUCTION
The linear carbon chain C 3 (X 1 Σ + g ) is an abundant species in combustion processes and has been identified in different astronomical environments. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Compared to other pure carbon chains with an odd number of carbon atoms (cf. Ref. 12 and references therein), C 3 is very "floppy," as seen by the extremely low lying bending vibrational frequency (ν 2 ) at 63 cm −1 . 13 As such, C 3 also serves as a benchmark molecule for quantum chemistry. [14] [15] [16] [17] [18] Since its discovery in the tail of a comet 1 and subsequent laboratory identification 19 and analysis, 20 C 3 has become one of the most studied triatomic transients.
Most astronomical observations of C 3 have been made through its opticalÃ 1 Π u ←X 1 Σ + g spectrum at 4050 Å. These detections vary from emission spectra in cometary tails to the absorption spectra in diffuse interstellar clouds. More recently, an extensive study, performed with the Very Large Telescope, 11 reported a large number of additional rovibronic C 3 bands involving excited vibrational levels in thẽ A 1 Π u state that could be assigned following their laboratory identification.
The first high resolution infrared (IR) spectral observation of C 3 was not until around 100 years after its initial identification in 1881 1 and was realized by detecting the anti-symmetric stretching mode (ν 3 ) at 2040 cm −1 in the circumstellar shell a) Electronic mail: doney@strw.leidenuniv.nl of IRC+10216. 6 Almost simultaneously, the ν 3 fundamental vibration was measured in the laboratory, 21 confirming the astronomical assignment. Further laboratory studies have since measured the ν 1 (symmetric stretching) 22 and ν 2 13 fundamental vibrations. Consequently, it became possible to identify C 3 in space also through its ν 2 mode. 10 Recently, Breier et al. 23 extended the ν 2 spectrum of the main C 3 species with spectra of all possible 13 C isotopologues using a terahertz-supersonic jet spectrometer in combination with a laser ablation source. In 2013, Krieg et al. 24 measured the ν 1 + ν 3 combination band in high resolution using a home-built continuous-wave optical parametric oscillator (cw-OPO), for the first time probing the 3 µm region of gas-phase C 3 . This region is extended in the present study with a large number of new combination bands.
Earlier ab initio studies and experimental analysis suggested that the potential energy surface (PES) of C 3 might show a small barrier to linearity. 25 Even more, Matsumura et al. 21 concluded from an analysis of the ν 3 fundamental spectrum that this barrier increases when the anti-symmetric stretching vibration is excited. This was based on the observation that the rotational parameter B v increases relative to the ground state parameter when the anti-symmetric stretching vibration is excited. However, the experimental work by Northrup, Sears, and Rohlfing 26 and the theoretical studies by Jensen, Rohlfing, and Almlöf 14 and Mladenović, Schmatz, and Botschwina 15 conclusively showed that C 3 has a linear equilibrium structure. Both theoretical studies clearly showed the strong coupling between the stretching and the bending vibrational motions in C 3 . Because of this unusual PES, perturbational methods employing an accurate PES were not able to reproduce experimental spectroscopic parameters with the same level of accuracy as seen for other molecules. However, Schröder and Sebald 18 recently developed a high level ab initio PES that, when employed in variational ro-vibrational calculations, was able to accurately reproduce experimental spectroscopic parameters for C 3 , including those concluded for the ν 1 + ν 3 band.
Clearly the ro-vibrational spectrum of C 3 is dominated by anharmonic effects. As such, a complete understanding of the PES requires that highly excited vibrational states, particularly those involving multiple vibrational modes, need to be studied. This requires high resolution IR measurements.
In experimental measurements, C 3 molecules are commonly formed either through (1) photolysis of diacetylene, allene, or furan, 21, 22, 27, 28 (2) laser ablation of a carbon rod, 13, 24 or (3) a discharge through acetylene. 29, 30 To date, these methods have allowed measurements of vibrational states in the electronic ground state (v 1 , v 2 , v 3 ) up to v 2 = 34, v 1 = 3, and v 3 = 1 with v 1 , v 2 , and v 3 representing the vibrational quantum numbers for the symmetric stretching, the bending, and the antisymmetric stretching vibration, respectively, and representing the vibrational angular momentum quantum number.
In this paper, we present the experimental spectrum of fifteen bands of gas-phase C 3 in the 3 µm region, including states involving excitation up to v 1 = 7 and v 3 = 3, and reaching energies of about 11 000 cm −1 above the vibrational ground state. This is the first time that these modes have been measured to such high vibrational excitation. We also present new and supporting theoretical ro-vibrational calculations for C 3 that focus on pure stretching states. In Sec. II, we describe the experimental and theoretical approaches. The experimental spectra are presented as collections of band series in Sec. III. A comparison with theoretical results is given in Sec. IV. We summarize with a short conclusion.
II. METHODS

A. Experimental
The experimental setup has been described in detail in Ref. 31 , and a similar setup working in the optical has been used to study theÃ 1 11, 30 In the present experiment, a commercial cw-OPO (the Aculight, Argos 2400-SF-B module) that covers ∼3110-4200 cm −1 is used. This system has been used recently to record high resolution infrared spectra of molecular transients like c-C 3 H + 3 32 and HC 6 H. 33 The vibrationally excited C 3 molecules are generated in a pulsed supersonically expanding planar plasma 34 using a precursor gas mixture of 0.5% propyne in 1:1 helium:argon mixture with a 5 bar backing pressure. The gas is expanded into the vacuum chamber through a long thin (0.3 × 30 mm) slit discharge nozzle with an applied high voltage of ∼−550 V at the exit. The gas is pulsed using a pulsed valve (General valve, serial 9) connected to the entrance of the nozzle body, with each pulse lasting for about 800 µs. In the past, it was shown that such plasma sources are useful to study vibrationally highly excited species without losing much of the rotational cooling properties in the expansion typical for this type of adiabatic expansions. 35, 36 The high resolution infrared spectrum of the plasma products is recorded using continuous wave cavity ring-down spectroscopy (cw-CRDS), with the IR laser path intersecting the expansion roughly 1 cm downstream from the nozzle body. The optical cavity comprises two plano-concave mirrors with a reflectivity of ∼99.98%, centered at 3 µm. Typical empty cavity ring-down times (τ 0 ) are about 7-9 µs. The hardware (boxcar integrator) based multi-trigger and timing scheme described in detail in Ref. 31 is used to coincide the ring-down event and gas pulse.
The resulting spectrum is recorded in a series of ∼1.2 cm −1 parts that partially overlap to guarantee that spectra can be directly compared. In total, some 170 cm −1 are covered. The Doppler width of the recorded transitions is about 0.004 cm −1 . At the same time, the spectrum is recorded and the laser frequency is measured using a wavemeter (Bristol Instruments, 621A-IR), with a resulting maximum frequency uncertainty of ±0.002 cm −1 . The frequency accuracy is independently checked by comparing the recorded absorption lines of trace water in the chamber against the corresponding Hitran values, 37 and typical frequency accuracies of the recorded transitions are better than 0.001 cm −1 .
B. Theoretical
The theoretical calculations are based on the recent highlevel ab initio local PES by Schröder and Sebald 18 for the C 3 molecule (X 1 Σ + g ). Briefly, the PES is constructed by combining explicitly correlated coupled-cluster results with smaller corrections for core-valence correlation and scalar relativistic and higher-order correlation effects (up to pentuple excitations in coupled-cluster theory). Details on the construction of the PES can be found in the original publication. 18 Due to the excellent performance of the PES in predicting low lying ro-vibrational states, 18 no attempt has been made to adjust the parameters of the PES to the available experimental results. Therefore, the present study provided an excellent test for the reliability of the ab initio PES by Schröder and Sebald 18 in predicting highly excited ro-vibrational states in ground state C 3 .
The variational ro-vibrational calculations were performed with the RVIB3 program by Carter and Handy 38 and C8VPRO written by Sebald. 39 In order to provide the same level of convergence for higher lying excited rovibrational states, the basis set in the RVIB3 calculations is increased compared to the previous calculations. 18 The primitive basis set for the stretching vibrations comprised 200 symmetrized basis functions constructed from 20 functions for both the symmetric and anti-symmetric stretching vibration. For the bending motion, 42 basis functions per = J, J − 1, to 0 or 1 are employed. Combining 47 contractions for stretching vibrations per symmetry species with 33 contracted functions for the bending vibration leads to Hamiltonian matrices of dimension 1551 for every value of . The size of the final Hamiltonian matrix for each symmetry species is adjusted appropriately in order to provide converged results. The term energies of ro-vibrational levels for linear molecules can be expressed by
where 
III. RESULTS
The high resolution C 3 plasma spectrum is recorded between 3110 and 3341 cm −1 . Additional lines are observed which are due to other propyne plasma products as well as C 3 H 4 precursor material. Fifteen bands are observed between 3110-3280 cm −1 , with a rotational spacing of ∼1.6 cm −1 , which is consistent with a 1:0 intensity alternation of rovibrational transitions originating from stretching vibrations of C 3 ; no ro-vibrational bands are observed that can be assigned to transitions involving the bending states. An overview of the C 3 spectra is given in Fig. 1 ; the observed intensities cannot be directly compared, as these depend, for example, on small variations in the experimental plasma conditions, but general trends can be seen. For example, the C 3 band intensities decrease quickly with decreasing frequency. Assuming a Boltzmann population distribution, this suggests that the lower frequency bands involve transitions starting from higher quanta vibrational states relative to bands at higher frequencies.
The effective experimental band origin and rotational parameters for the lower and upper state of each band are determined using the spectral fitting software Pgopher. 40 Preliminary spectral analysis of the fifteen bands is performed by fitting the observed transitions to simulated spectra assuming B v ∼ 0.4 cm −1 and using transition intensities near the band origins to determine the state symmetry (either
For most of the bands, transitions could be assigned up to J = 20 (see the supplementary material). From the rotational profiles, the rotational temperature of C 3 is determined to be about 55 K. This is slightly higher than typical for the plasma source in use. 33 Initial fits of the bands showed that some of them share vibrational states, i.e., the determined B v for one band is the same as the B v for another band. Based on the rotational parameters and state symmetry, twelve of the bands can be grouped into five vibrational series involving common states: A-E-K; B-G-O; C-H; D-J; and F-M. The other bands do not share common states. VBOs of each band in a series, regardless of the series, are separated by about 60 cm −1 , suggesting that in all five series, the lower state of each band is increasing by the same number of quanta, which based on frequency region, is likely ∆v 1 = 1 and ∆v 3 = 1. This is also clearly visible from Fig. 1 . In addition, seven of the bands, A, B, D, F, I, L, and N, are evenly separated by about 23 cm −1 , suggesting that they are also part of a different progression that increases by ∆v 1 = 1 in the lower state.
In order to confirm the initial assignment, the experimental line positions, determined by the Pgopher software, 40 are compared to the results of the variational calculations. of 1.5 cm −1 . This agreement confirms the vibrational assignment of the observed bands. Additionally, the lower panel of Fig. 2 shows the differences when the error in the VBOs is subtracted, ∆ν-∆ν 0 . The errors are decreased by more than an order of magnitude, unambiguously confirming the rotational assignment of the individual lines within the bands. For two of the observed bands, bands L and M, deviations from the expected independence of the errors from the rotational quantum number are observed. This indicates a local anharmonic resonance, which will be discussed in detail below. Systematic rotational analysis of the observed bands is carried out by fitting the experimental transitions with linked states simultaneously according to Eq. (2). The resultant experimental VBOs of the fifteen bands are given in Table I together with the corresponding variational results (Calc. II). The experimental and theoretical (Calc. I and Calc. II) rotational parameters are summarized in Table II . Typically the results of the latter two fits are observed to deviate by less than 1% in the quartic centrifugal distortion parameter. The strongest transitions in the experimental spectrum associated with C 3 (band A, Fig. 3 ), belong to the known combination band (1, 0 0 , 1)-(0, 0 0 , 0) with a band origin at 3260.13 cm −1 . 24 The combination band is of symmetry type Σ + u -Σ + g and exhibits the characteristic intensity alternation of 1:0 for even and odd J-levels due to the nuclear spin statistical weights for equivalent carbon atoms. The ground state rotational parameter is determined to be 0.430 569(3) cm −1 , which is in agreement with the literature values, 13, 24, 27, 29 and the quartic centrifugal distortion parameter, D v , is 1.399(12) × 10 −6 cm −1 , smaller by about 5% compared to the value by Krieg et al. 24 of 1.471(13) × 10 −6 cm −1 . Similarly, the VBO, which in this case is equal to G v , and the (1, 0 0 , 1) state rotational parameter are determined to be 3260.1265(4) and Assuming an increase of ∆v 1 = 1 and ∆v 3 = 1 in the quantum numbers, the bands in this series, B, G, and O (Fig. 4) (Table I) . Furthermore, the experimentally determined and variationally calculated rotational parameters B v agree to within 0.002%. However, for the (4, 0 0 , 3) level, both theoretical fits (Calc. I and Calc. II) predict a D v value smaller than that for (3, 0 0 , 2), which is not observed experimentally. This discrepancy is caused by the fact that band O is only observed up to P (8) . While the spectroscopic parameters of the see Table II . As such, the theoretical values (Calc. I) are likely closer to the true value for the (4, 0 0 , 3) state. (Fig. 5) and is the third band in the large progression. From the least-squares fit analysis, the VBO is determined to be 3211.2653(4) cm −1 , which agrees to within about 0.3 cm −1 with the variational result for the (3, 0 0 , 1)-(2, 0 0 , 0) band (Table I) . Therefore, band D is assigned to the (3, 0 0 , 1)-(2, 0 0 , 0) (Σ + u -Σ + g ) combination band, thereby confirming that the larger progression is a progression of (v 1 , 0 0 , 0) where the lower state of each band increases by ∆v 1 = 1. This assignment is further confirmed by the agreement of the experimental and theoretical rotational parameters (Table II) .
Simultaneous fitting of transitions in band D and band J confirm that they share a common energy level, (3, 0 0 , 1). Consequently, band J is assigned to the (4, 0 0 , 2)-(3, 0 0 , 1) (Σ + g -Σ + u ) combination band. The experimental VBO is 3152.1415(4) cm −1 only 0.08 cm −1 lower than the value calculated variationally. For both bands D and J, the experimental and calculated rotational B v parameters differ by no more than 0.01% (Table II) . Unlike any of the other observed bands, band L is heavily perturbed, with a strong perturbation in the form of an avoided crossing seen in the o-c values at J = 13 and 15. In fact, for the J = 15 transitions, the best fit o-c values are about −0.04 cm −1 , almost two orders of magnitude larger than the average residuals for all other C 3 transitions. Because the perturbation occurs at a higher J , no D v parameter can reliably be determined from our experimental fit. Indeed, an avoided crossing is predicted by the variational calculations for the (6, 0 0 , 1) state. The perturbing (4, 3 1 , 2) state lies at a frequency lower than the (6, 0 0 , 1) state for J ≤ 18 and crosses to a higher frequency between J = 18 and 19. As discussed for the (5, 0 0 , 2) state, the down-up deviation seen in the ∆ν-∆ν 0 plot in Fig. 2 for band L is due to a disagreement in the position of the crossing. Furthermore, the interaction between the (6, 0 0 , 1) and (4, 3 1 , 2) states is much stronger than that predicted for the (5, 0 0 , 2) state, which is seen in the larger magnitude of the deviations in the ∆ν-∆ν 0 plot in Fig. 2 and in the larger experimental o-c values. (2, 0 0 , 3)-(1, 0 0 , 2)-(0, 0 0 , 1 
F. The
) band series
The last of the vibrational series, comprising bands C and H (Fig. 8) , is unconnected to the other series. Based on the least-squares fit of band C, the lower state (Σ + u symmetry) is assigned to (0, 0 0 , 1). The rotational parameter, B v , is determined to be 0.435 664(8) cm −1 to be compared with the value of 0.435 696 9(56) cm −1 obtained by Krieg et al. 24 For the quartic centrifugal distortion parameter D v , a value of 3.890(10) × 10 −6 cm −1 is obtained, which is lower by 11% compared to the value of Krieg et al. 24 These discrepancies can be explained by the different truncations of the J(J + 1) expansion of the rotational energy employed in this study (up to D v ) and by Krieg et al. 24 (up to M v ) as well as different J levels observed in both experiments. However, the strong increase in D v by factor of about 3 compared to the vibrational ground state is consistent with an excited state of the anti-symmetric stretching vibration. Therefore, band C is assigned the 0.76 cm −1 with the Calc. II value (Table I) . Both the upper and lower state rotational parameters, B v , agree with the present variational results. In fact, the differences do not exceed 0.03% for the B v and 2% for the centrifugal distortion parameter D v .
IV. DISCUSSION
From the fifteen observed C 3 combination bands, v 1 is observed up to 6 quanta, and v 3 is observed up to 2 quanta, in the respective lower state. This is expected given that v 1 requires less energy to populate. The intensities of the observed bands approximately follow that expected from a Boltzmann distribution, for both the bands that are part of the larger (v 1 , 0 0 , 0) progression and between bands in the same vibrational series.
Given the excellent agreement between the experimental and theoretical spectroscopic parameters, a closer look at the trends observed for said parameters appears promising. Furthermore, we wish to discuss the results also with respect to a second-order vibrational perturbation theory (VPT2) treatment. Therefore, using finite differences, the PES of Schröder and Sebald 18 was transformed to a quartic forcefield (QFF) in normal coordinates and the parameters are given in Table III . The normal coordinate force constants reflect the highly anharmonic nature of the C 3 molecule. For example, the diagonal quartic bending force constant k 2222 is calculated to be 724.835 cm −1 , which is larger by a factor of about 17 compared to the harmonic bending frequency of ω 2 = 42.773 cm −1 . The strong coupling between the symmetric stretching and the bending vibration is apparent from the value of the cubic coupling constant k 122 = 1315.426 cm −1 , which is even larger than the harmonic frequency of the symmetric stretching vibration (ω 1 = 1206.698 cm −1 ). These large third-and fourth-order force constants clearly show that a perturbational treatment of any order for the vibration-rotation problem in C 3 is problematic.
In In the right panel of Fig. 9 , the variation of ∆B v with v 3 is depicted. Again, a strong nonlinear dependency on v 3 can be seen. Here, even the sign of the slope changes when excitation in v 1 is added. From the experimental and variationally calculated (4, The dependence of B v on the stretching quantum numbers v 1 and v 3 can be understood by considering the vibrational wavefunctions. In order to quantify the relation between the vibrational wavefunctions and the rotational parameters, we have calculated the integrated density of the vibrational wavefunction as a function of the bond angle according to
In Eq. (3), Ψ v is the normalized vibrational wavefunction of the vibrational state under consideration obtained variationally with the C8VPRO program 39 and the q i are dimensionless normal coordinates. Integration over the complete configuration space of vibrational coordinates yields a value of 1. If one treats the upper limit t of the integration over q 2 as a parameter, it is possible to calculate the dependency of the integrated density on the deviation of the bond angle from linearity, θ. The value of q 2 = t can be connected to θ by
Here, R e is the equilibrium bond length and l-x ij are appropriate l--matrix elements (the l--matrix connects dimensionless normal coordinates with Cartesian displacement coordinates). Thus, v (t) gives a qualitative impression of how the probability density accumulates as a function of the bond angle. The larger the angle where v (t) reaches the region of the asymptotic value of 1, the greater the bent character of the state under consideration. In Fig. 10 , v (t) is depicted for fifteen states investigated experimentally in this work and for a further four states, namely, (0, 1 1 , 0), (0, 2 0 , 0), (0, 2 0 , 2), and (0, 0 0 , 2), for a better understanding.
In a well behaved semi-rigid molecule, like CO 2 , v (t) for a stretching vibrational state reaches a value close to the asymptote quite early (θ ≈ 15 • ) and is nearly independent of the combination of stretching vibrational quantum numbers. A value of θ > 0 is always to be expected because of the zero point motion of the molecule. By contrast, in C 3 , one finds a strong dependence on the stretching vibrational quantum numbers.
In the upper panel of Fig. 10 , the vibrational ground state clearly exhibits the most bent character among the pure symmetric stretching states. In the middle panel, one can observe that the fundamental antisymmetric stretching state (0, 0 0 , 1) reaches the asymptotic value as late as the fundamental bending state. Consequently B v of the (0, 0 0 , 1) state is larger than the rotational parameter in the vibrational ground state. Figure 10 also suggests that the state (1, 0 0 , 2) collects its density at larger angles than (1, 0 0 , 1) . Indeed, the state (1, 0 0 , 2) is a further example where the rotational parameter B v becomes larger upon excitation of one quanta in the anti-symmetric stretching vibration. In the lower panel of Fig. 10 , it can be seen that the first overtone of the antisymmetric stretching vibration (0, 0 0 , 2) accumulates most of its density at even larger θ values than the first overtone of the bending vibration (0, 2 0 , 0). The lower panel of Fig. 10 also suggests that the (0, 2 0 , 2) state accumulates most of its density at smaller angles than the (0, 0 0 , 2) state, resulting in a smaller rotational parameter. This is really found in our calculations assuming the rotational pattern of a linear molecule in the range J = 0 to 10 with B v of 0.4575 and 0.4565 cm −1 for (0, 0 0 , 2) and (0, 2 0 , 2), respectively.
These observations are in line with the well-known fact that C 3 exhibits more and more the properties of a bent molecule with increasing excitation of the anti-symmetric stretching vibration. 43 Therefore, the rotational pattern of stretching vibrational states which show more or less bent character cannot accurately be described by neither the formulas for a linear molecule [see Eq. (1)] nor those of an asymmetric top molecule. Hence, more or less long progressions in J(J + 1) are necessary to fit the rotational energies with the same accuracy as those states which are not affected by this issue. This has been done in previous experimental work 21, 24, 27 resulting in slightly different rotational parameters compared to those obtained in the present work. As C 3 has a linear equilibrium structure, it is definitely not a quasilinear molecule. The quasilinearity parameter γ 0 introduced by Yamada and Winnewisser 44 equals to −0.91 which corresponds to an almost linear molecule. Given the growing bent character with increasing excitation of the anti-symmetric stretching vibration, it is more obvious to call it a "quasi-bent" molecule. By analogy, γ 0 = −0.64 is obtained when considering the (0, 1 1 , 1) and (0, 2 0 , 1) states.
The vibrational term energy, G v , of a triatomic linear molecule can be expressed according to VPT2 by the equation
where the indices i and j represent the vibrational modes of the molecule, x ij are the anharmonicity parameters, and d k is the degeneracy of the vibrational mode (1 for k = {1, 3} and 2 for k = {2}). By subtracting appropriate VBOs, it is possible to obtain effective values for the anharmonicity parameters x ij (details can be found in the supplementary material). The anharmonicity parameters x 11 , x 33 , and x 13 can be calculated by combining the present experimental VBOs for band A, B, and C as well as the literature values for ν 1 22 and ν 3 27 yielding x 11 = −10.32 cm −1 , x 33 = −13.68 cm −1 , and x 13 = −4.38 cm −1 . Employing the variational VBOs for the aforementioned bands yields almost identical values. However, by combining the theoretical VBOs for ν 1 , ν 3 , 2ν 1 , and 2ν 3 as well as bands A and E, one arrives at a different set of x ij : x 11 = −6.69 cm −1 , x 33 = −23.45 cm −1 , and x 13 = 0.34 cm −1 . Finally, the VPT2 result employing the QFF of Table III is x 11 = −2.90 cm −1 , FIG. 11 . Energy level scheme of observed stretching states in C 3 , including the variationally calculated zero-point energy. For the series of bands originating from the (1, 0 0 , 0) and (0, 0 0 , 1) states, the lowest level is placed at the experimentally known term energy. 21, 22 In the case of bands D, F, I, L, and N, the lower state term energy corresponds to the G v of the present calculations: 2435.8, 3637.1, 4830.0, 6015.1, and 7192.9 cm −1 , respectively. The latter values are attributed a conservative error estimate of 3 cm −1 .
x 33 = −10.08 cm −1 , and x 13 = −15.98 cm −1 . The strong variation of the x ij with the type of calculation used to obtain them shows that the underlying assumption of perturbation theory of any order, i.e. that is that perturbations are small compared to the zeroth order (harmonic) solution, is not fulfilled for C 3 , and hence, Eq. (5) does not apply.
V. CONCLUSION
Fifteen combination bands of vibrationally excited gasphase C 3 have been measured at high resolution; fourteen of which are reported for the first time. Figure 11 presents an energy level scheme of the detected vibrational states. Previously observed transitions are represented by dashed arrows. All term energies include the variationally calculated zero-point energy of 1705.06 cm −1 by Schröder and Sebald. 18 VBOs of the fifteen observed bands as well as rotational and centrifugal distortion parameters for all twentythree involved states have been determined. The present variational ro-vibrational calculations of the stretching modes give remarkable agreement between experimental values and theoretical estimates; the typical accuracy of the rotational parameters is a few 0.001%. The experimental results offer a significant extension of the available data set for the C 3 molecule since they extend the observed number of quanta in both v 1 and v 3 .
These highly excited vibrational states offer the best test of the reliability of the employed model in the calculations, as they should exhibit the greatest effect of the anharmonicity. Interestingly, the situation is somewhat reversed for C 3 compared to a well behaved molecule, as seen by the variation of the B v values, where highly excited states show a more or less linear dependence on the vibrational quantum numbers, and the erratic behavior of the anharmonicity parameters obtained from low lying vibrational states. Clearly, the ro-vibrational spectrum of C 3 cannot be described by a theory based on a simple model like VPT2 even when a highly accurate PES is employed. However, using an accurate PES in conjunction with variational calculations employing the exact ro-vibrational Hamiltonian, it is possible to predict reliable line positions for this peculiar molecule.
SUPPLEMENTARY MATERIAL
See supplementary material for the complete line lists with observed-calculated values obtained from spectral fitting of the experimental spectrum using the Pgopher software 40 for all fifteen bands (A-O). In addition, a detailed discussion on how the anharmonicity parameters are determined is given.
